The goal of Grande and colleagues was to investigate temporal expression of genes involved in early biofilm formation and to investigate the production of extracellular DNA (eDNA) by Staphylococcus aureus. The data reported here indicate that eDNA is important for early biofilm development, but that treatment with DNase I alone is not sufficient to cause complete disruption of the biofilm. It is clear that other components (e.g., polysaccharides) play an important role in the structural stability of biofilms, and combining DNase I and polysaccharide-degrading enzymes may hold broader promise as a therapeutic approach. 
Introduction
Staphylococcus aureus is a leading cause of nosocomial infections including those associated with orthopedic implants (Otto, 2008; Papa et al., 2013) . Biofilm formation confers antibiotic tolerance and protection from the host immune system making microbial biofilms difficult to remove (Fux et al., 2005; Hall-Stoodley et al., 2012) . Bacterial cells in biofilms are embedded in extracellular polymeric substances (EPS), a mixture of macromolecules such as exopolysaccharides, proteins and extracellular DNA (eDNA). These components vary with bacterial strain, culture conditions and biofilm age (Whitchurch et al., 2002; Steinberger & Holden, 2005; Allesen-Holm et al., 2006) . Biofilm development is a multistep regulated process in which cellular adherence, EPS secretion and detachment of bacteria from the maturing biofilm are controlled by the regulation of numerous genes. For example, the agr global regulator, a two-component quorum-sensing system, controls cell detachment and the transition between planktonic and sessile lifestyles, contributing to S. aureus survival via cell dispersal and colonization of new niches (Yarwood et al., 2004; Boles & Horswill, 2008) . The cidA gene, involved in cell lysis and eDNA release (Ranjit et al., 2011) , is part of the cidR regulon that also includes alsSD and in turn encodes a-acetolactate synthase and a-acetolactate decarboxylase, which are responsible for the production of acetoin, an important physiological metabolite secreted by many microorganisms (Renna et al., 1993; Cho et al., 2013) for survival in acidic environments .
The presence of extracellular deoxyribonucleic acid (eDNA) in the slime layers of various halophilic bacteria was first described by Smithies and Gibbons (1955) . Since then, the role of eDNA as an important structural component of the biofilm extracellular matrix in both Gram-negative (Allesen-Holm et al., 2006; Harmsen et al., 2010) and Gram-positive bacteria (Moscosco et al., 2006 , Izano et al., 2008 Hall-Stoodley et al., 2008; Rice et al., 2007) has been documented in multiple studies. These studies showed a significant reduction in biofilm biomass upon the addition of DNase I to the culture medium, supporting the hypothesis that eDNA plays an important role in biofilm establishment and structural stability. The source of eDNA has been hypothesized to result from several mechanisms of DNA release, such as the excretion of small vesicles from the outer membranes (Renelli et al., 2004; Manning & Kuehn, 2013) , prophage-mediated cell death in Pseudomonas aeruginosa biofilms (Webb et al., 2004) and controlled cellular lysis during biofilm formation in S. aureus (Rice et al., 2007) .
In this study, we evaluated the temporal expression of biofilm-specific genes: agrB, cidA, and alsS during S. aureus UAMS-1 biofilm development. We used saline and glucose concentrations to approximate those that might be encountered in an orthopedic implant patient suffering from diabetes, an established risk factor for implant related infection (Lovati et al., 2013) . Both glucose and salinity have been shown to play an important role in influencing the effect of transcriptional regulators agr and rbf on the degree of staphylococcal biofilm formation (Lim et al., 2004; Boles & Horswill, 2008) . In addition, biofilms were treated with DNase I (Pulmozyme, which is used to treat cystic fibrosis-related lung infection) to test how effective eDNA digestion was in preventing biofilm formation and destabilizing the biofilm matrix. We also used a lectin cocktail to assess the distribution of carbohydrates in the matrix to assess the relative contribution that they might play in biofilm structure and stability.
Materials and methods

Bacterial strain and biofilm growth conditions
Staphylococcus aureus UAMS-1, an oxacillin-susceptible clinical strain obtained from the bone of a patient suffering from osteomyelitis (Gillaspy et al., 1995) , was grown in Tryptic Soy Broth (TSB; Oxoid) supplemented with 0.6% NaCl (w/v) and 0.8% (w/v) glucose and incubated overnight with shaking at 37°C. The overnight broth culture was diluted to an optical density of 0. CaCl 2 (untreated controls) for confocal laser scanning microscopy (CLSM) analysis. For RNA isolation, 25 mL of diluted broth culture was inoculated into Petri plates, and samples were incubated at 37°C, without shaking for 30 min to promote cell adhesion, followed by shaking for 2, 24, or 72 h. These time points were chosen based on those described by Mann et al. (2009) . Medium containing DNase I or buffer alone was changed daily, and each experiment was performed in triplicate.
Isolation of RNA
For isolating total cellular RNA, S. aureus biofilms were removed using a cell scraper, and RNA was extracted as previously described by Sambanthamoorthy et al. (2006) . Briefly, cells were harvested by centrifugation (5000 g for 5 min at 4°C) and resuspended in TES buffer containing 100 lg lysostaphin mL À1 (AMBI). The samples were incubated at room temperature for 10 min and were then applied to a QiagenRNeasy Maxi column to isolate total bacterial RNA according to the manufacturer's directions. The optional on-column RNase-free DNase I (Qiagen) was used to remove contaminating DNA. After isolation of RNA, traces of contaminating DNA were further eliminated by treating RNA samples with RNase-free DNase I (DNA-free kit, Ambion) and incubating at 37°C for 20 min. Samples were used immediately or stored at À80°C. The quality, integrity, and concentration of the RNA were checked using an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA) according to the manufacturer's instructions, and RNA preparations were tested for contaminating DNA by no-reverse-transcriptase PCR reactions.
Real-time quantitative PCR (qPCR)
Oligonucleotide primers and TaqMan probes (Fam-labeled TaqMan TAMRA probes) were designed with PRIMER EXPRESS 2.0 software (ABI PRISM; PE Biosystems, Framingham, MA), to amplify gene fragments having an optimal size of 70-180 bp (Table 1 ). The constitutively expressed gyrase gene (gyr) was used as an endogenous control, as previously described (Goerke et al., 2000) . Measurements of relative levels of gene expression were performed by qPCR as previously described (Sambanthamoorthy et al., 2006; Hall-Stoodley et al., 2008) . All qPCR reactions were performed in triplicate from each of two independent experiments, and the mean C T was used for analysis. Two-fold or higher changes in gene expression were considered significant.
Confocal laser scanning microscopic analysis
To evaluate S. aureus UAMS-1 biofilm development with and without DNase I treatment using CLSM, biofilms were removed at 2, 24, or 72 h and rinsed with Hank's balanced salt solution (HBSS) with Ca +2 and Mg +2 to remove planktonic and loosely adherent cells. Samples were stained either with the BacLight Live/Dead stain (Invitrogen, Carlsbad, CA) or with a fluorescent Alexa 488-labeled lectin cocktail and Syto59, as described (Hall-Stoodley et al., 2008) , and image stacks of S. aureus UAMS-1 biofilms were taken randomly from five different fields. The carbohydrate Alexa 488 lectin cocktail was excited with the 488 nm laser, and the emitted signal was detected in channel 1 (assigned green) with a detection window set to 500-550 nm. The nucleic acid-specific stain, Syto59, was excited with the 630 nm red laser line, and the channel 2 (assigned red) detection window set to c. 640-660 nm, and the gain and background adjusted until individual bacterial cells were sharply defined with a minimum amount of noise (random pixel speckles) between individual cells. At the settings optimized for bacterial cells containing concentrated nucleic acids, any signal from eDNA was too faint to be detected. Therefore, the channel 3 (assigned blue) window was set to c. 660-720 nm, which also detected emitted light from the Syto59, and the bacteria were 'deliberately over-exposed' by turning up the gain to reveal signal for the eDNA surrounding and in between bacterial cells. To minimize 'flaring' artifacts caused by the high gain, we identified single isolated bacteria cells in multiple fields of view, which did not appear to have associated eDNA (identified by lack of signal). Using this iterative process, we were able to differentiate signal from noise by frame averaging, while maintaining a gain that resulted in sharply defined edges to the signal optimized cells. The background was set to be at this minimum threshold for noise when all signal was eliminated (i.e., gain turned to zero) where the blue channel included signal from bacterial cells and eDNA. Between two and six stacks were taken from between four and seven independent replicate biofilm plates, providing an n = 23 and n = 27 stacks per time point for the Pulmozyme (DNase I)-treated samples and corresponding controls.
COMSTAT image analysis
Confocal image stacks for each sample, at each time point, were analyzed using the LEICA LCS software, COMSTAT (16) and IMARIS software (Bitplane; St. Paul, MN). COMSTAT thresholding was used to eliminate residual noise in the image stacks. Prior to analysis, each thresholded image stack was visually compared with the original image files to ensure that the settings had eliminated noise but not relevant data (Heydorn et al., 2000; Hall-Stoodley et al., 2008) . The biofilm parameters maximum thickness, biomass, and roughness coefficient (which correlates with biofilm heterogeneity) were determined for each image stack, and total biomass was found by adding the green channel (EPS carbohydrates) and the blue channel (bacteria + eDNA). The eDNA biomass was found by subtracting the red channel (bacteria) from the blue channel.
Cell viability assays
Colony-forming unit (CFU) enumeration and in situ Live/ Dead staining were carried out to evaluate bacterial cell viability in S. aureus biofilms at 72 h and were evaluated as described (Hall-Stoodley et al., 2008) . CFUs were determined by rinsing the biofilms and removing adherent cells from an area of 9.6 cm 2 with a cell scraper (Corning Life Sciences, Pittsburgh, PA). Each sample was resuspended in 2 mL HBSS, vortexed, diluted, plated on TSA, and incubated at 37°C.
DNase I (Pulmozyme) treatment of preformed S. aureus biofilms S. aureus biofilms were grown as previously described for a period of 72 h and rinsed three times with HBSS. DNase I (Pulmozyme; 1 mg mL À1 ) or buffer alone was added to biofilms on duplicate plates, incubated at 37°C for 90 min, rinsed with HBSS, stained with BacLight kit and analysis was performed by CLSM as previously described. Experiments were performed in duplicate.
Statistical analysis
Statistical analysis of the variance was performed using the ANOVA program (EXCEL 2000; Microsoft) . Differences were reported as statistically significant for P < 0.05.
Results
agrB, alsS, and cidA expression changes during biofilm development
The expression of agrB, alsS, and cidA genes was evaluated by qPCR at 2, 24, and 72 h of incubation in untreated S. aureus biofilms to evaluate the expression of these genes as a function of time during biofilm development. The expression of agrB initially increased by over a factor of 10 at 24 h and then significantly (P < 0.05) decreased by a factor of over 10 000 at 72 h (Fig. 1a) . In contrast, the expression of both alsS and cidA steadily increased over time to c. 20 and 90 fold, respectively, after 72 h (Fig. 1b and c) .
S. aureus biofilm structure differed over time in DNase-treated samples
Bacterial cells were adherent to the surface and exhibited no difference in biofilm structure between control and DNase I-treated samples following 2 h of incubation ( Fig. 2a and b) . At 24 h, although there was a reduction in biomass (by volume), the reduction in biomass was observed in both untreated and DNase-treated samples ( Fig. 2c and d) . However, differences in biofilm architecture between treated and untreated samples were evident at both 24 and 72 h of incubation ( Fig. 2e and f) . DNase I-treated samples consisted of biofilms characterized by towers, heterogeneously dispersed among voids with a few bacteria juxtaposed on a background of carbohydrate visualized by bound lectin (Fig. 2f) . eDNA was detected both in untreated and treated samples inside the biofilm (Fig. 3 ) with undigested eDNA inside carbohydrates structures bound by lectins (Fig. 4c, d and e), which may have protected it from DNase digestion. The distribution of eDNA in both treated and untreated biofilms was heterogeneous, as illustrated by comparing Fig. 3a , which was in an area with relatively little eDNA compared with the areas shown in Fig. 1 . COMSTAT analysis indicated that after 24 h, the number of total cells, carbohydrate EPS, and eDNA biomass was not statistically significant (P > 0.05) in DNase I-treated biofilm cultures. However, biofilms grown in the presence of DNase I had a significantly greater (P < 0.05) maximum thickness and roughness coefficient (P < 0.05) compared with untreated controls after 72 h (Fig. 5) , indicating greater surface heterogeneity. These data are consistent with the visual inspection of the confocal images, which showed greater heterogeneity in patchy tower formation in the DNase I grown biofilms. Both biofilms showed a reduction in biomass of c. 50% or greater between 2 and 24 h, with a subsequent increase after 72 h.
DNase I (Pulmozyme) digestion on preformed biofilm did not affect the concentration of viable S. aureus biofilm cells
Assessment of biofilm CFU cm
À2 together with in situ viability assessment with the BacLight Live/Dead assay at different time points demonstrated no significant differences between controls (P > 0.05), and DNase I-treated samples indicating that DNase I treatment alone did not adversely affect cell viability, which was 7.0 AE 0.9 CFU cm À2 and 6.6 AE 0.6 CFU cm À2 in the control and DNase I-treated biofilms, respectively, at 72 h.
Discussion
Biofilm formation results from a multistep process that is regulated over time by several genes. Our data showed that agrB gene expression originally increased by over tenfold at 24 h but then dramatically decreased from that level by over 10 000 fold at 72 h. The biofilm biomass (cells, EPS, and eDNA) was inversely correlated with agrB expression, as expected as the agr operon regulates dispersal from biofilms (Yarwood et al., 2004; Boles & Horswill, 2008) . It was not clear why the newly attached bacteria would initially exhibit an increase in agr expression, which would suggest an increase in secreted virulence factors, increased dispersal and subsequent reduction in biomass at only 24 h, particularly when increasing cidA and alsS expression suggested that eDNA release was rising. Rather, the expected response would be that after initial attachment, planktonic bacteria would immediately begin the phenotypic shift to the early-stage biofilm phenotype in which secreted virulence factors would be suppressed while initiating the process of matrix building and biofilm formation. However, it is not uncommon to see a natural reduction in biomass after initial attachment, followed by a second phase of growth (Kroukamp et al., 2010) with subsequent oscillations between detachment and growth (Lewandowski et al., 2007) . It is thought that these oscillations occur due to detachment caused by fluid shear, nutrient depletion, and degradation at the base of the biofilm followed by regrowth, but agrB expression data suggest that in S. aureus UAMS the early oscillation might be part of a regulated development. qPCR data correlated well with fluctuations in the biofilm biomass, suggesting that it is not just the presence or absence of agrB, that plays a role in the biofilm development, but also the temporal expression of agr genes (Otto, 2001 (Otto, , 2008 . Studies using agr knockouts showed that agr is capable of differentially affecting glucose-induced biofilm on polystyrene surfaces under static conditions (Vuong et al., 2000) and occurs by two major functions of the agr system: (1) repression of adhesin production thereby preventing attachment to surface and (2) increased expression of d-hemolysin, which via its detergent-like and protease function negatively affects biofilm maturation. Significantly, the presence of glucose represses the expression of agr and generates a low pH, establishing an acidic environment O'Neill et al., 2008) . This is in accordance with agrB expression, which demonstrated a significant decrease coupled with an increase in alsS expression over time. This gene belongs to the bicistronic operon alsSD which encodes the enzymes acetolactate synthase and acetolactate decarboxylase that function collaboratively to convert pyruvate to 2-acetolactate and then acetoin, the latter eventually being converted by acetoin reductase to 2,3-butanediol. The production of acetoin and 2,3-butanediol has been shown to be important for acid tolerance in a number of bacterial species (Kovacikova et al., 2005) . When S. aureus is grown on glucose, lactic acid is the end product of fermentation (Gardner & Lascelles, 1962) . Although our system was aerated, microelectrode studies have demonstrated that biofilms formed by aerobic or facultative bacteria consume oxygen at the periphery of the biofilm, leaving the inside of biofilm towers microaerophilic or anaerobic with resulting localized build-up of acid in the interior of biofilm clusters (Von Ohle et al., 2010) . It is possible that a similar mechanism may explain the increased levels of alsS expression as the biofilm developed. Our results are consistent with the observations that alsS was expressed at higher levels when S. aureus was subjected to mild acid treatment (Weinrick et al., 2004) highlighting the adaptation pattern of S. aureus to persist within a biofilm by surviving an acidic biofilm environment associated with carbohydrate metabolism (Beenken et al., 2004) . Acid tolerance within the biofilm has also be shown to be important in Streptococcus mutans (Kovacikova et al., 2005; Welin-Neilands & Svensater, 2007) , Vibrio cholerae and in other biofilm forming pathogens, which either live in an acid environment or generate low pH from fermentation acids deeper in the biofilm where oxygen levels are low. The localized production of acid and anaerobic conditions in biofilms growing on indwelling devices such as orthopedic implants, surgical sutures and meshes and intravascular catheters may therefore have clinical relevance in terms of antibiotic tolerance and resistance to host clearance. DNase 1 also has an optimal activity in a pH range of 6.5-7.0 (Yasuda et al., 2004) , and pH gradients within the biofilm might result in more effective eDNA degradation only on the outer parts of the biofilm. The increased expression of alsS gene over time is also in accordance with the expression of cidA. The production of acetoin, due to the expression of the als operon, is linked to the control of apoptosis , and cidA increases murein hydrolase activity contributing to bacterial cell lysis, DNA release and biofilm development (Rice et al., 2007) . Despite the steady increased expression of cidA and alsS, which suggest eDNA release increased during biofilm formation, DNase I (Pulmozyme) treatment did not show promise in disrupting S. aureus biofilms, as it did for pneumococcal biofilms (Hall-Stoodley et al., 2008) . Furthermore the results of the present study differ from those of Rice et al., 2007 who showed that DNase I treatment significantly decreased S. aureus UAMS-1 biofilms by sixfold relative to untreated biofilm and may be due to the different culture conditions used in this study. A possible explanation of this discrepancy is the difference in glucose and salt concentrations. We used a salt concentration of 1.1% to more closely represent physiological conditions inside the body (isotonic saline is 0.9%) and approximate the orthopedic environment, whereas Rice et al. (2007) used 3.5%, which is more consistent with skin concentrations. Salt concentration is important in S. aureus biofilms and appears to stimulate biofilm growth (Whitchurch et al., 2002; Steinberger & Holden, 2005; Allesen-Holm et al., 2006) . Moreover, the resistance of biofilm to degradation by DNase I after an initial growth period (Weinrick et al., 2004) suggests that eDNA in the biofilm was stabilized (Steinberger & Holden, 2005) or protected by the other EPS components such as carbohydrates. These conditions have been previously demonstrated to inhibit the activity of DNase I (Ramsey et al., 1993) .
Taken with data from other studies, which have shown that eDNA is important for the mechanical stability of staphylococcal biofilms (Mann et al., 2009) , our data suggest that the relative contribution of eDNA to overall stability may be growth and strain dependant and is consistent with other studies demonstrating that although the biofilm matrix contains significant amounts of eDNA, it is not necessarily dispersed by DNase Grande et al., 2011; Shields et al., 2013) . However, we did find evidence that eDNA plays a role in biofilm morphology. These data agree with those of Tetz et al., 2009 who showed that biofilm morphology was modified in the presence of DNase I in seven different Gram-negative and Gram-positive species including S. aureus, although the numbers of CFU remained unchanged, and the biofilm biomass was reduced by 33-50% depending on the species. They concluded that the role of eDNA in structure was not clear, but they did demonstrate increased antibiotic efficacy with combined treatments, consistent with other studies (Kaplan et al., 2012; Jakubovics et al., 2013) . While DNase I has been used to demonstrate the role of eDNA in biofilm stability in staphyolococcal biofilms, there are potential therapeutic applications for treating infections. However, further studies are required to assess the efficacy of DNase I to disrupt biofilms grown from different strains, over longer time periods and under a range of physiological glucose and salt concentrations. Incubation times and concentrations also need to be optimized. Fig. 5 COMSTAT analysis of the temporal behavior of S. aureus UAMS-1 treated with DNase I and untreated biofilms in terms of cell biomass, EPS biomass, eDNA biomass, cells plus eDNA biomass, and cells plus eDNA roughness. Each value plotted is the mean of data from 27 image stacks acquired randomly in three independent experiments at 2, 24, and 72 h of incubation.
In our studies, we concluded that carbohydrates in the EPS were also present and may have played an important structural role. Carbohydrates and surface proteins involved in adherence are known to be important in the EPS matrix and biofilm establishment (Toledo-Arana et al., 2001; Hall-Stoodley et al., 2008; Vergara-Irigaray et al., 2008) . Poly-b (1,6)-N-acetyl-D-glucosamine (PNAG) is a surface polysaccharide involved in biofilm accumulation and evasion of the host immune system in S. aureus and S. epidermidis (Izano et al., 2008; Babra et al., 2013) , and it has been demonstrated that dispersin B, a PNAG-degrading enzyme, was capable of detaching S. epidermidis biofilm, while DNase I primarily affected S. aureus biofilms (Izano et al., 2008) . Our data suggest that multiple EPS components need to be targeted to effectively disrupt biofilms.
In conclusion, our data support the hypothesis that biofilm development is a multifactorial process associated with the differential expression of genes over time during biofilm development. Composition of the S. aureus biofilm matrix appears to be complex. Subsequently, the addition of a single degradative enzyme such as DNase I may not cause sufficient disruption to S. aureus biofilms to have clinical potential. However, treatment of S. aureus biofilm with a mixture of DNase I and other enzymes, capable of digesting biofilm carbohydrate polymers within the matrix, may be more promising.
